Environmental management of cellulose production waste and municipal sewage sludge appears to be substantiated due to various physicochemical properties of these wastes. The aim of the conducted research was to determine the effect of cellulose production waste and sewage sludge on yielding and heavy metal uptake by a plant mixture. The research was conducted under field experiment conditions, determining the fertilizer value of these wastes in the environmental aspect. The research was carried out in the years 2013-2016. Species composition of the plant mixture was adjusted to habitat conditions. It was established that, as compared with the cellulose production waste, the municipal sewage sludge used in the experiment had a higher content of macroelements. The content of heavy metals in the studied waste did not exceed the limits that condition their use in agriculture and reclamation. Applying only the cellulose production waste did not significantly decrease the yield of the plants. Municipal sewage sludge showed the highest yield-forming effect. Mixing the above-mentioned wastes and their application to soil had a significant effect on the increase in the plant mixture yield. The waste applied to soil also increased the content of Cr, Cd, Pb, Cu, and Zn in the plant mix. The level of heavy metal content in the plant mix did not exclude this biomass from being used for fodder or reclamation purposes. The cellulose production waste and municipal sewage sludge increased the heavy metal uptake by the plant mixture. The plant biomass extracted heavy metals from the sewage sludge more intensively than from the cellulose production waste. Among the analyzed heavy metals, the highest phytoremediation was recorded for Ni (30%), followed by Cd (20%), Cr (15%), Pb (10%), and the lowest for Cu (9%) and Zn (8%). Application of the cellulose production waste and sewage sludge to soil also increased the content of the studied heavy metals in soil. However, it did not cause deterioration of soil quality standards. Heterogeneity in the chemical composition of the wastes confirms that each batch intended to be used for environmental management should be subjected to chemical control.
Introduction
It is increasingly common to undertake innovative studies on different forms of managing waste containing calcium and sodium compounds for elimination of SO 2 from exhaust gases (Tunali and Ertunç 2017) . Studies are also being conducted on generating new materials and products from waste containing calcium compounds (Couret et al. 2017; Mymrin et al. 2018) . There is little research on environmental management of industrial waste, composed in a way so that calcium compounds and other environmentally useful components could be used (Das and Singh 2004) .
Cellulose production waste contains a lot of valuable components, including organic compounds as well as macro-and microelements essential to plants (Das and Singh 2004) . The composition of cellulose production waste includes calcium and magnesium, which can occur in carbonate, oxide, and silicate form. Cellulose production waste contains small quantities of calcium and alkaline metal hydroxides as well as aluminosilicates (Kac-Kacas and Drzas 1968; Pérez-López et al. 2008) . Environmental management of cellulose production waste could improve soil physicochemical properties and create beneficial conditions for plant growth and development. However, on account of specific physicochemical properties, environmental use of cellulose production waste might be reduced. Cellulose production waste is characterized by a substantial content of 'undecomposed' mineral substances and organic compounds that can exclude their environmental management Hermann 2007a, 2007b; Das and Singh 2004) . Difficulties with managing cellulose production waste result also from a high heavy metal content. The amount of heavy metals and other pollutants in cellulose production waste depends mainly on the type of the used raw material and technological processes (Wan Ngah and Hanafiah 2008) . The analyzed cellulose production waste is 'generated' at a factory running a production business focused mainly on waste recycling processes. In the production process, old newspapers and multi-material packagings are used. The final product is 'towel' paper and building board, and the side product is sewage sludge in the form of cellulose production waste, which can be managed as substrate for decorative plants (Decision of MARD 2017) .
Another significant waste in terms of fertilizer value is municipal sewage sludge, rich in organic matter and fertilizer components (Deeks et al. 2013) . Municipal sewage sludge is also a potential source of heavy metals which, when introduced to the environment, pose a threat and are difficult to remove or detoxify (Corrêa Martins et al. 2016) . Phytoextraction is the optimal way to remove these metals from sewage sludge. However, this process is very long and hardly efficient (Antonkiewicz et al. 2018; Nissim et al. 2018) . Currently, disposal of organic waste containing substantial amounts of biodegradable substances is being reduced, hence the need for alternative management of this waste in the environment (Waste Act 2012; Directive 99/31/EC 1999) . However, in the light of new regulations, there are stricter and stricter requirements determining the natural management of organic and mineral waste (Waste Act 2012; Regulation 2015) .
The research undertaken concerns the assessment of the impact of cellulose production waste and municipal sewage sludge, as well as a well-composed mixture of the two, on the soil environment and on plants. The issue of heavy metal content in the above-mentioned wastes, and above all the assessment of the degree of their uptake by plants, is an important part of the assessment of threats that might be expected when using this kind of waste in the environment (Corrêa Martins et al. 2016; Nissim et al. 2018) . This study makes an interesting attempt to point to a possibility of reducing the risk within the environment, posed by introduction of waste with different, mutually supplementary physicochemical properties. The following research hypothesis has been formulated: can the heavy metals present in cellulose production waste and municipal sewage sludge be immobilized and then taken up by plants grown on a wellcomposed waste mixture? Assessment of the possibility of environmental management of these wastes was conducted based on the plant mixture yield, content, and uptake of heavy metals by plants, and on the balance of these metals in the environment.
Material and methods
The research on the effect of cellulose production waste and municipal sewage sludge on the plant mixture was conducted in the years 2013-2016 on an experimental plot of the University of Agriculture in Krakow [50°05′03.7″N 19°51′ 13 .5″E] located in the southern part of Poland.
The soil
The experiment was set up on arable soil with the granulometric composition of sandy loam (Table 1) (Polish Soil Classification 2011; Soil Survey Staff 2014) . The soil was classified to the category of light soils, and according to the reaction measured in 1 mol KCl to slightly acid soils (Ostrowska et al. 1991) .
The content of heavy metals in the soil on which the experiment was set up was below the permissible content of these elements in soils of agricultural lands (Table 1) (Regulation 2016). According to the Regulation of the Minister of Environment on municipal sewage sludge (Regulation 2015), total heavy metal content in the soil did not exceed acceptable values for using municipal sewage sludge in agriculture or for reclamation. Basing on the sixdegree pollution scale developed by IUNG-PIB in Puławy, it was established that the soil had a natural (0°) content of Cr, Ni, Cu, Zn, Cd, and Pb (Kabata-Pendias et al. 1993, 1995) .
Cellulose production waste and municipal sewage sludge
Cellulose production waste and municipal sewage sludge ('MSS') were used in the field experiment. They were analyzed for physicochemical properties (Table 1) . Cellulose production waste ('CPW') contained approximately 12% calcium, which confirms that this waste has alkaline and deacidifying nature. Total content of N, P, K, and Na in the cellulose production waste was lower compared to the quantities occurring in the municipal sewage sludge (Table 1) . The cellulose production waste had a higher content of heavy metals compared to the soil and municipal sewage sludge.
The municipal sewage sludge ('MSS') that was used in the field experiment was obtained from a mechanical-biological sewage treatment plant. Reaction of the municipal sewage sludge was neutral, pH H2O value amounted to 7.12, which confirms that the municipal sewage sludge was hygienized with lime. According to the Regulation of the Minister of Environment on municipal sewage sludge (Regulation 2015), content of heavy metals did not exceed permissible values conditioning their use in agriculture or for reclamation. There were also no microbiological contaminants found in the sewage.
Scheme and conditions of the experiment
The one-factor field experiment was set up in 2013 in a randomized block design, in four replications. The plot area was 6 m 2 . The distance between the plots was 0.5 m. The experimental design comprised five treatments differing in the dose of the introduced wastes and their mixtures ( Table 2 ). The applied waste doses (50 and 100 Mg ha −1 DM) were supposed to be suitable for substrates used in reclamation and revitalization of post-industrial areas (Kicińska et al. 2018) . The manner of obtaining the mixture of cellulose production waste and municipal sewage sludge was reserved at the Patent Office of the Republic of Poland (Patent PL411157-A1 et al. 2015) . The wastes were applied only once in spring of 2013 on the soil surface, then they were mixed with a 0-20 cm soil layer, 2 weeks before sowing the plant mixture. The mixture that was sown in the field experiment consisted of seeds of the following grasses and papilionaceous plants: Dactylis glomerata-cock's-foot var. 'Amera' (10%); Festuca pratensis-meadow fescue var. 'Mewa' (10%); Lolium pratense-perennial ryegrass var. 'Solen' (10%) and 'Maradowna' (5%); Lolium multiflorum-annual ryegrass var. 'Mowester' (5%); Poa pratensis-common meadow grass var. 'Balin' (15%); Trifolium resupinatum-white clover var. 'Crasslands Haifa' (20%); Festuca arundinacea-tall fescue var. 'Fawn' (5%); Festuca rubra-red fescue var. 'Referent' (20%). Species composition of the plant mixture was adjusted to habitat conditions. The plant species chosen have a great capacity to adapt to unfavorable substrate conditions. These species are resistant to water deficit, they form sod well and yield well. Ryegrass germinates quickly; it is characterized by fast development and sod formation. Common meadow grass and fescues are characterized by good growth and development in the later period and in seeding of the mixture was increased due to possible adverse climatic-soil conditions. Initially, on days when air temperature was above 25°C, the sown mixture was sprinkled with water as the ground was drying up at the depth of 2-4 cm. Emergences were observed 2 weeks after sowing. Mineral fertilization (NPK) was not used in the field experiment, which was explained by saying that the used wastes would be a source of nutrients for sown plant mixture.
Harvesting the plant mixture
In the next years of vegetation (2013) (2014) (2015) (2016) , the plant mixture was mowed four times. The first mowing took place at the stage of earing of the dominant grass species, and the other mowings after 6-8 weeks. The date of the plant mixture mowings also depended on weather conditions, including insolation and the amount of precipitation. Each year, on the day of the last harvest of the plant mixture, samples were collected from each plot from topsoil (0-20 cm layer), in order to conduct chemical analyses.
Determination of yield and the heavy metal content in the plants and soil
The plant material
The collected fresh plant material was dried in a forced air circulation dryer at 105°C until reaching constant weight. The dried plant material was weighed and the amount of the plant mixture yield from each plot was determined. The amount of yield was determined by calculating the obtained yield from a plot per 1 ha. Samples (approx. 20 g DM) of plant material were collected from each plot (each repetition) for chemical analysis. The plant material was incinerated at the temperature of 550°C for 8 h and the ash was digested in 65% HNO 3 (1:2 v/v) (Ostrowska et al. 1991) .
The soil and waste materials
Basic chemical properties were determined in the topsoil, cellulose production waste, and sewage sludge of the field experiment, using established methods used in chemicalagricultural stations: reaction (pH)-determined in 1 mol dm −3 KCl solution, organic carbon-by Tiurin method, total nitrogen-by Kjeldahl method (Ostrowska et al. 1991; Jones and Case 1990) . Total content of heavy metals in the soil and wastes was determined after incineration of organic matter and digesting in a mixture concentrated HClO 4 (70%) and HNO 3 (65%) acids (3:2 v/v) (Jones and Case 1990) .
The content of heavy metals (Cr, Ni, Cu, Zn, Cd, Pb) in the obtained plant and soil filtrates was determined using a Perkin-Elmer Optima 7300 DV spectrometer (Jones and Case 1990) . Spectrally pure reagents and Aldrich standard solutions were used in chemical analyses.
Quality control of analyses
Determinations in each of the analyzed samples were carried out in three replications. Accuracy of the analytical methods was verified based on certified reference materials and standard solutions: CRM IAEA/V-10 Hay (International Atomic Energy Agency), CRM-CD281-Rey Grass (Institute for Reference Materials and Measurements), CRM023-050-Trace Metals-Sandy Loam 7 (RT Corporation).
Computations and statistical analysis of the results
Due to the changeability of conditions in individual years, heavy metal content in the total plant yield is presented as a weighted mean. Heavy metal uptake (P) was calculated as the product of dry matter yield (A) and the nutrient content (X), according to the formula: p = A · X. Heavy metal uptake was calculated every year and is presented as the total from the entire research period (2013) (2014) (2015) (2016) . Heavy metal balance was calculated from the difference between the amount of metals introduced with the dose of wastes and the amount of metals taken up with the plant yield. Phytoremediation of heavy metals presented in the balance is the percentage share of the uptake of heavy metals in relation to the amounts introduced to the soil along with the wastes.
The statistical analysis of the research results was conducted using a Microsoft Office Excel 2003 spreadsheet and Statistica package version 10 PL. The statistical evaluation of result variability was conducted using single-factor analysis of variance. The significance of differences among mean values was verified using t Tukey test at a significance level of α ≤ 0.05. For selected parameters (ratios), the value of Pearson's linear correlation coefficient (r) was computed, at a significance level of α ≤ 0.05. The maximum 5% dispersion between measurements in chemical analysis was adopted.
Research results

Crop yield
Dry matter yield from the plant mixture obtained in subsequent years of the field experiment is presented as the sum of all cuts collected each year and the mean of the whole research period, of vegetation years [2013] [2014] [2015] [2016] (Table 3) . A significant effect of cellulose production waste and sewage sludge and their mixtures on the yield of the plant mixture was observed in the field experiment (Table 3 ). The yield of the plant mixture dry matter, depending on the treatment and research year, varied within the following range: 3.34-8.15 Mg DM ha −1 (Table 3 ). The highest diversity in yielding was observed in the first research year, where the coefficient of variation amounted to approximately 14%, and the lowest-in 2015 (V = 12%). Observations and statistical analysis show that the diversity in yielding of the plant mixture in individual research years remained at a relatively constant level.
When analyzing the mean yield from the research period (2013) (2014) (2015) (2016) , it was established that the highest yield was obtained in treatment 4, wherein the mixture of cellulose production waste and sewage sludge in a single dose was applied. Increase in the plant mixture yield in that treatment was more than 28% in relation to the control. A double dose of the mixture of cellulose production waste and municipal sewage sludge (treatment 5) also increased the plant mixture yield considerably compared to the control. Increase in the plant mixture yield in that treatment was more than 25% compared to the control.
Applying only the municipal sewage sludge (treatment 3) also significantly increased the plant mixture yield by over 23% compared to the control. The increased plant mixture yield can be explained by a substantial load of macroelements that were present in the sludge as well as by the improvement of soil physicochemical properties. Applying only the cellulose production waste (treatment 2) decreased the yield of the plant mixture. However, the decrease in yield was not statistically significant.
The analyzed fertilization treatments can be arranged according to decreasing yield of the plant mixture in the following order: mixture of cellulose production waste and sewage sludge > sewage sludge > control soil > cellulose production waste. Analysis of the plant mixture yield in individual research years showed that the lowest yield was recorded in the first year of vegetation, which resulted (among other things) from a long emergence period and a shorter growing period of the plant mixture. In the successive years of vegetation (2014) (2015) (2016) , the plant mixture yield was much higher. Regardless of treatment, the highest plant mixture yield was obtained in 2016. It was more than 80% higher compared to the first year of the experiment. Analysis of the value of correlation coefficient points to significant relationships between the plant mixture yield obtained in individual years and the amount of Zn introduced with the waste dose (r = 0.635-0.723; p ≤ 0.05). Such a relationship was not observed for the remaining heavy metals.
Heavy metal content in the plant mixture
It was determined that applying only cellulose production waste (treatment 2) significantly increased the content of Cr, Cd, Pb, Cu, and Zn in the plant mixture in comparison to control (Table 4 ). The increase in content of these metals in the plant mixture amounted to: 39, 29, 28, 8, 32%, respectively, in relation to the control. The increase in content of the metals in the plants was a result of their additional introduction to the soil with cellulose production waste (Table 1) .
Applying only municipal sewage sludge (treatment 3) increased the content of Cr, Cu, and Zn in the plant mixture in comparison to control. That increase was 28, 10, 36%, respectively, in relation to the control. Under conditions of the conducted experiment, municipal sewage sludge did not have a significant effect on the increase or decrease in content of Ni, Cd, and Pb in the plant mixture compared to the control. In all probability, this resulted from the relatively low content of these metals in the applied sewage sludge (Table 1) . Applying the mixture of cellulose production waste and municipal sewage sludge in single and double dose (treatments 4, 5) significantly increased Zn content in the plant mixture compared to the control. The increase in content of this metal amounted to 17 and 48%, respectively, in relation to the control. In the case of Cr and Ni, no significant effect of the Table 2 b Variation coefficient mixtures on the increase in content of these metals in the plants was observed (Table 4) . Additionally, the double dose of the mixture of cellulose production waste and municipal sewage sludge (treatment 5) significantly increased Cd and Pb content in the plant mixture (by more than 9 and 8%, respectively) compared to the control. When analyzing Cu content in the plant mixture, it was established that a single dose of the mixture (treatment 4) had a significant effect on the decrease in content of this metal (by 6%), whereas a double dose of this mixture had a significant effect on the increase in the content of this metal (by more than 9%) compared to the control (Table 4) . Analysis of linear correlation points to close relationships between Cd and Pb content in the plant mixture and the amount of yield of this mixture (r = − 0.493-0.604; p ≤ 0.05). Close relationships between the content of Cd, Pb, and Zn in the plant mixture and the quantity of heavy metals introduced with the sewage sludge dose were also observed (r = 0.539-0.823; p ≤ 0.05).
Heavy metal uptake by the plant mixture Application of cellulose production waste (treatment 2) caused not only an increase in the content of heavy metals, but also an increase in Cr, Cd, Pb, Cu, and Zn uptake by the plant mixture (Table 5 ). Increase in uptake of the abovementioned metals in the treatment with cellulose production waste amounted to 34, 24, 23, 4, 27%, respectively, in relation to the control. Cellulose production waste decreased Ni uptake by the plant mixture, but the decrease was not statistically significant. The decrease in nickel uptake by the plant mixture, grown on cellulose production waste, resulted from lack of effect of this waste on nickel content in the plant mixture yield (Table 5 ). Compared to the control, application of municipal sewage sludge (treatment 3) increased the uptake of Cr, Ni, Cd, Pb, Cu, and Zn by the plant mixture. The increase in the uptake of these metals amounted to 58, 16, 18, 50, 36, and 69% in relation to the control.
Introduction of the mixture of cellulose production waste and municipal sewage sludge to the soil in single and double dose (treatments 4, 5) also significantly increased the uptake of Cr, Ni, Cd, Pb, Cu, and Zn by the plant mixture as compared with the amounts collected in the control treatment. The increase in the uptake of the above-mentioned metals was, in relation to the control, 43 and 35% for Cr, 17 and 24% for Ni, 16 and 37% for Cd, 30 and 35% for Pb, 21 and 37% for Cu, and 51 and 86% for Zn, respectively. Double dose of the waste mixture (treatment 5) to a higher degree increased the uptake of the mentioned metals to a higher degree compared to single Table 2 b Variation coefficient Table 2 b Variation coefficient dose of this mixture (treatment 4). Analysis of the correlation coefficient showed significant relationships between the uptake of heavy metals (Cr, Ni, Pb, Cu, Zn) by the plant mixture and the mean yield of this plant mixture (r = 0.605-0.864; p ≤ 0.05). The experiment also revealed significant relationships between the content of heavy metals in the plant mixture and the uptake of these heavy metals by the plants (r = 0.460-0.852; p ≤ 0.05).
Simplified balance of heavy metals
The simplified balance of heavy metals is presented in Table 6 . The outcome of the balance of heavy metals depended on the amount of metals introduced with the wastes and on the amount of metals taken up with the plant mixture yield. By using cellulose production waste, significantly higher quantities of heavy metals were introduced to the soil than by using municipal sewage sludge. Zn was an exception, because almost twice as much of this metal (compared to the treatment where only cellulose production waste was applied) was introduced to the soil with the dose of sewage sludge. With cellulose production waste (treatment 2), the following were introduced to the soil: Cr-2.36 kg, Ni-0.83 kg, Cd-0.04 kg, Pb-1.67 kg, Cu-6.63 kg, Zn-12.90 kg ha . With municipal sewage sludge (treatment 3): Cr-0.38 kg, Ni-0.14 kg, Cd-0.03 kg, Pb-0.51 kg, Cu-1.78 kg, Zn-21.30 kg ha −1 (Table 6 ). The highest amounts of heavy metals were introduced to the soil after application of a double dose of the mixture of cellulose production waste and municipal sewage sludge (treatment 5). Such a substantial 'inflow' of metals into the soil with applied waste materials caused a significant increase in the amount of these elements in the soil. Uptake of heavy metals by the plant mixture was distinctly lower compared to the amounts introduced. As it was to be expected, the biggest difference in balance was observed in treatment 5, wherein the mixture of cellulose production waste and sewage sludge was introduced in a double dose. Based on phytoextraction of metals, it is possible to evaluate the applicability of the plant mixture for removal of heavy metals from the substrate. The highest removal of Cr, Ni, Cd, Pb, and Cu from the substrate was observed in the treatment where only municipal sewage sludge was applied (treatment 3), and Zn-in the treatment where only cellulose production waste was applied (treatment 2). The lowest effectiveness of phytoextraction of metals was observed in the treatments in which the mixture of cellulose production waste and sewage sludge was applied in a double dose (treatment 5). This was a result of several factors. In this treatment, the highest amount of metals was introduced to the substrate along with the mixture of waste, the plants yielded the least, and because of that the uptake of the studied metals by plants was lower. In the conducted experiment, regardless of dose or type of waste applied to the soil, the highest phytoremediation (recovery) was recorded for Ni-30%, followed by Cd-20%, Cr-15%, Pb-10%, Cu-9%, and the lowest for Zn-8%, in relation to the quantity introduced with wastes. The highest phytoremediation (recovery) of metals from cellulose production waste (treatment 2) was observed for Cd (13%) and the lowest for Cr and Cu (2%). In the case of municipal sewage sludge, the highest phytoremediation of metals was observed for Ni (30%) and the lowest for Zn (7%). Analysis of linear correlation coefficient showed close relationships between Zn Table 2 b Variation coefficient phytoremediation and yielding of the plant mixture in the studied period (r = − 0 . 5 0 3 -0 . 5 8 3 ; p ≤ 0 . 0 5 ) . Phytoremediation of Cr, Ni Cd, Pb, Cu was also significantly correlated with Pb content and uptake by the plant mixture (r = − 0.505-0.754; p ≤ 0.05).
Discussion
In a sewage treatment process, crude sewage sludge is obtained and then subjected to stabilization and hygienization (Arthurson 2008) . Physical, chemical, and biological properties of sewage sludge from industrial plants depend greatly on the used production technology, used raw materials, the generated final product, as well as on the used water (Demirbas et al. 2017) . The determined properties of the sewage sludge have a substantial effect on the direction of their management (Grobelak et al. 2017 ).
Chemical composition of cellulose production waste and municipal sewage sludge
Cellulose production waste and municipal sewage sludge can be a valuable source of macronutrients which can be used environmentally (Arthurson 2008; Grobelak et al. 2017; Kac-Kacas and Drzas 1968) . Nitrogen content in the municipal sewage sludge used in the experiment was comparable to other municipal sludge coming from sewage treatment plants located in southern Poland (Grobelak et al. 2017; Kicińska et al. 2018) . Cellulose production waste does not contain nitrogen, which results (among other things) from technological processes (Buzzini and Pires 2002) . The high calcium content in the municipal sewage sludge and cellulose production waste, resulting from the technology of stabilization of these wastes, is beneficial in the aspect of deacidification of acid soils and improvement of their physicochemical properties (Pérez-López et al. 2008; Kulhánek et al. 2014) . In the applied wastes, an average content of phosphorus and magnesium comparable to other sewage sludges was recorded (Kominko et al. 2017) . The share of phosphorus and magnesium in the studied wastes was much higher than in natural fertilizers, and this results in a higher fertilizing value of these wastes (Grobelak et al. 2017; Hermann 2007a, 2007b) . Potassium content in the analyzed wastes was low. It is generally stated that the share of potassium and sodium in this kind of waste is lower than in natural and organic fertilizers (Deeks et al. 2013; Kominko et al. 2017; Elouear et al. 2016) . Average potassium content in manure amounts to 5.0 g kg
, whereas the content of this element in the studied wastes did not exceed 1.55 g kg −1 DM.
Assuming its use in fertilization, it is recommended to take into consideration supplementary fertilization with potassium (Elouear et al. 2016) . Heavy metal content in the wastes used in the experiment did not exceed acceptable values determining their use in reclamation (Regulation 2015).
Crop yield
As a result of the carried out field experiment, it was established that the mixtures of cellulose production waste and municipal sewage sludge significantly increased the plant mixture yield. It is possible that the obtained increase in yield of the plants grown on soil with the addition of the tested wastes was a result of improvement of soil physicochemical properties and introduction of a considerable amount of biogenic elements (Arthurson 2008; Kominko et al. 2017) .
Research conducted by Sharma et al. (2018) showed that waste mixtures containing (for example) ash and sewage sludge increase the yield of cultivated plants. Other research also showed that sludge-ash mixtures, apart from improving soil physicochemical properties, constitute an alternative form of recycling of nutrients and, at the same time, can have a beneficial effect on yielding of cultivated and energetic plants (Baran et al. 2015; Deeks et al. 2013; Kominko et al. 2017 ).
In the authors' own research, cellulose production waste reduced yielding of the plant mixture, but the difference was not statistically significant. Mineral waste often contains many alkaline compounds which can quickly react in the soil sorption complex, thus contributing to inhibition of germination, a reduction in plant emergence, growth and development, and in consequence to a reduction in plant yield (Baran and Antonkiewicz 2017; Das and Singh 2004) . In the research conducted by Kac-Kacas and Drzas (1968) , it was shown that waste limes, on account of their specific chemical properties, can have an adverse impact on the yield of cultivated plants, for example brewer's barley or brown mustard. Cellulose production sludge with a higher concentration of free alkalis resulted in a higher decrease in yield compared to reactive quicklime (Kac-Kacas and Drzas 1968) . Other studies indicate that carbonated lime, similarly to cellulose production waste, in its composition contains calcium in carbonate form (CaCO 3 ), which 'acts' more slowly in light soils compared to quicklime (Holland et al. 2018) . That is why cellulose production waste, after being applied to soil, should become a slow-release fertilizer and should not cause a rapid response in soil or other substrate (Pérez-López et al. 2008) .
In the research on waste composites containing cellulose production waste and municipal sewage sludge, it was shown that these mixtures improve yielding of crops, e.g., mustard (Harasimowicz-Hermann and Hermann 2007b) . By contrast, research conducted by Lahori et al. (2017) showed that lime with the addition of waste materials decreases the biomass of crucifers. Lahori et al. (2017) believe that the abovementioned materials reduce the toxicity of soil contaminated with heavy metals. The authors' own research has shown that municipal sewage sludge increased the yields of the plant mixture. The increase in plant yield can be explained by a substantial content of organic matter, macroelements, including yield-enhancing nitrogen, occurring mainly in organic form (Kominko et al. 2017) . However, research results are inconclusive also in this matter. Corrêa Martins et al. (2016) determined that with a substantial content of organic compounds in sewage sludge, these wastes can have a toxic effect on plants, limiting their growth, development, and yielding.
Heavy metal content in the plant mixture
In the conducted experiment, a significant effect of cellulose production waste on the increase in the content of Cr, Cd, Pb, Cu, and Zn in the plant mixture was determined. The source of these metals in the plant mixture was waste raw material in the form of waste paper (Demirbas 2008) . The Paper and Cardboard Factory produces, among other things, building board and paper towels (made of waste paper from color press, denim jeans) that contain dyes which in turn contain heavy metals (Das and Singh 2004; Tucker et al. 2000) . In the course of processing waste paper into paper products, heavy metals (which can pass into the cellulose production waste) are released (Ngah and Hanafiach 2008) . In addition, cellulose production waste contains many other nutrients, including microand macroelements which can be used under non-consumable plants (industrial, decorative, flowerbed plants) Hermann 2007a, 2007b; KacKacas and Drzas 1968) . Applying municipal sewage sludge to soil may contribute to an increase in heavy metal content in plants (Antonkiewicz et al. 2018; Sharma et al. 2018) .
Municipal sewage sludge applied to soil in the authors' own research increased the content of Cr, Cu, and Zn in the plant mixture. The increase in content of these metals can be explained by rapid mineralization of organic matter from sewage sludge and by the release of these nutrients to plants (Wójcikowska-Kapusta et al. 2017) . The mixture of cellulose production waste and sewage sludge increased the content of Cd, Pb, Cu, and Zn in the plant mixture, but it did not increase the content of Cr and Ni in the plant mixture. Numerous studies confirm that certain metals, despite alkalizing with cellulose production waste, are (in these conditions) mobile in the environment, quickly migrate from the substrate to the aboveground parts of plants (Kabata-Pendias and Mukherjee 2007) . The mixture of cellulose production waste and municipal sewage sludge applied (in a double dose) in the authors' own research increased the content of Cd, Cu, and Zn in the plant mixture. Scientific literature indicates that mixtures containing sewage sludge and waste rich in calcium compounds (e.g., ash, waste carbonate lime) can inhibit the uptake of heavy metals by plants grown on these wastes (Holland et al. 2018; Sharma et al. 2018 ). In addition, calcium compounds occurring in waste can be taken up by plants and then influence heavy metal retention in these plants (Zhu et al. 2016; Lahori et al. 2017) . Other studies show that waste containing cellulose participates in the biosorption, which includes chemisorption, complexing, as well as adsorption on the surface and pores, ion exchange, microprecipitation, heavy hydroxide condensation on biolayers, and surface adsorption (Demirbas 2008) . The above-mentioned biosorption processes can also take place in soil solutions.
Assessment of heavy metal content in the plant mixture
Biomass of the plant mixture obtained in the field experiment meets requirements in terms of the content of Cr, Ni, Cd, Pb, Cu, and Zn set for good quality feeds (Kabata-Pendias et al. 1993 ). The applied cellulose production waste and municipal sewage sludge, as well as their mixtures, did not result in the content of the above-mentioned metals in the plant biomass intended for feed purposes being exceeded. Low content of heavy metals in the plant biomass results from low solubility of these metals from cellulose production waste (Demirbas 2008; Harasimowicz-Hermann and Hermann 2007a) . Other studies confirm that alkaline waste (containing calcium compounds) contains heavy metals in forms hardly available for plants (Holland et al. 2018; Baran and Antonkiewicz 2017) .
The biomass obtained in the conducted experiment, grown on the tested waste, should not, however, be intended for feed purposes. This biomass should be intended for compost for reclamation, or for energy purposes, or used for other nonfeed-related purposes (Dinel et al. 2004 ). The applied cellulose production waste and municipal sewage sludge, as well as their mixtures, can be used as a substrate, a medium for growing plants cultivated for non-consumption and non-feedrelated purposes (Antonkiewicz et al. 2018) . It can be mainly intended for energy purposes or for production of composts intended to be used in floriculture, cultivation of decorative plants etc. (Decision of MARD 2017).
Heavy metal uptake by the plant mixture
The amount of uptake of elements depends on the amount of plant yield and on the content of these nutrients in biomass (Antonkiewicz et al. 2018; Sarma 2011) . The field experiment showed a significant effect of cellulose production waste on heavy metal uptake by the plant mixture. The increase in heavy metal uptake by the plant mixture can be explained by a higher content of these elements in the used waste. Cellulose production waste was rich in trace elements and that is why the plant mixture took them up in higher amounts than the control. Cellulose production waste, despite alkaline character, can make metals available to plants, which finds confirmation in the research by Harasimowicz-Hermann and Hermann (2007b) . In the research conducted by Otero et al. (2005) , it was shown that fertilizers containing calcium can be a source of heavy metals potentially available to plants. Another research (Nurmesniemi et al. 2010) showed that industrial waste from paper industry, containing heavy metals in its composition, can cause a higher uptake of heavy metals by plants. Heavy metal uptake by plants can be reduced by adding sewage sludge to this alkaline waste, which was confirmed in previous research (Baran and Antonkiewicz 2017) . In the authors' own research, it was also established that mixing cellulose production waste with sewage sludge reduced the intensity of heavy metal uptake by the plant mixture. Scientific literature reports that waste limes can be a source of metals that are taken up by plants, even under neutral or alkaline reaction of the substrate (Lahori et al. 2017; Zhu et al. 2016 ).
Simplified balance of heavy metals
By using cellulose production waste and municipal sewage sludge, as well as their mixtures, considerable quantities of heavy metals (whose certain amounts were taken up by the cultivated plants) were introduced to the soil. Understanding the circulation of heavy metals in the soil-waste-plant system, through simplified balance, will allow to assess the effectiveness of phytoextraction of these metals by applying the plant mixture (Antonkiewicz et al. 2018; Nissim et al. 2018; Sarma 2011) . Negative value of the balance in control treatments resulted from the simplified balance in which the supply of metals from precipitation was not taken into account. Phytoremediation can be used to assess the effectiveness of removing metals from the substrate (Antonkiewicz et al. 2018; Nissim et al. 2018) . The research indicates that the plant mixture removed Ni from the substrate most effectively (30%), followed by Cd (20%), Cr (15%), Pb (10%), and Cu and Zn to the smallest extent (9 and 8%, respectively). Research by Li et al. (2011) showed that grasses are effective in phytoextraction of nickel from waste-contaminated substrate. Research by Murray-Gulde et al. (2005) confirms that Cu is an element which is difficult to extract from the substrate. That is why specific plant species capable of absorbing large amounts of this element are sought. Other research confirms that grasses and mixtures of grasses are effective in purification of heavy metal-contaminated soils (Wójcikowska-Kapusta et al. 2017) . Research by Garcia-Rodríguez et al. (2014) confirms our own results that individual grass species are effective in extracting heavy metals from sewage sludge.
Conclusions
1. A significant effect of the mixtures of cellulose production waste and municipal sewage sludge on the increase in the plant mixture yield was observed. Applying only the sewage sludge also increased the yield of the plants. Applying only the cellulose production waste did not significantly decrease the yield of the plants. 2. The cellulose production waste significantly increased the content of Cr, Cd, Pb, Cu, and Zn in the plant mixture. The municipal sewage sludge increased the content of Cr, Cu, and Zn in the plant mixture. The mixture of cellulose production waste and municipal sewage sludge applied (in a double dose) increased the content of Cd, Pb, Cu, and Zn in the plant mixture. 3. The cellulose production waste significantly increased the uptake of Cr, Cd, Pb, and Zn by the plant mixture, whereas the sewage sludge significantly increased the uptake of Cr, Ni, Cd, Pb, Cu, and Zn by the plant mixture. Introduction of the mixture of cellulose production waste and sewage sludge (in single and double dose) to the soil also increased the uptake of these metals in relation to the control treatment. 4. The plant mixture extracted more heavy metals from the sewage sludge than from the cellulose production waste. Among the analyzed heavy metals, the highest phytoremediation (recovery) was observed for Ni (30%), followed by Cd (20%), Cr (15%), Pb (10%), and the lowest for Cu (9%) and Zn (8%). 5. Due to the chemical composition of the wastes, it can be stated that each batch intended to be used in environmental management should be bioassayed and undergo chemical tests.
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